Transmissible spongiform encephalopathies, such as Creutzfeldt-Jakob disease in humans, bovine spongiform encephalopathy in cattle, and scrapie in sheep or goats, are thought to be transmitted by prions (proteinaceous infectious particles) which consist mainly or totally of the scrapie prion protein PrP Sc (19) . PrP Sc is an abnormal isoform of the normal cellular protein PrP c .
Spectroscopic measurements and other lines of evidence suggest that infection with PrP
Sc leads to a structural conversion of the normal host PrP c into PrP Sc (1, 12) . The mechanism of this conversion and also the physiological function of PrP c remain unclear. It has been claimed that PrP Sc can be formed from PrP c in vitro, although this required a Ն50-fold excess of PrP Sc (15) . In addition, it has been shown that the PrP c -encoding gene (Prn-P) is essential for the development of spongiform encephalopathy: Prn-P 0/0 mice cannot be infected by mouse PrP Sc (3) and Prn-P-knockout mice do not show any obvious phenotypic differences compared with Prn-P ϩ/ϩ mice (4). PrP c thus appears to be a nonessential protein, although a possible role for PrP c in normal synaptic function has been suggested recently (7) . The two isoforms PrP c and PrP Sc are identical in their amino acid sequences (30) but differ in their solubility, sensitivity to proteinase K, and secondary structures (16, 18, 21, 35) .
Until now, the isolation of PrP c from different organisms has been a time-consuming, labor-intensive process, hampering extensive biochemical or structural studies which require larger amounts of protein. For example, hundreds of hamster brains yield only a few micrograms of protein (18) . PrP c isolated from neuroblastoma cells (N 2 a), glioma lines, and fibroblasts can be obtained in low yields only (27) . Attempts to overexpress authentic PrP c or PrP c fragments in different cellular systems, such as Escherichia coli, baculovirus, or Cos-7 cells (23, 27) , mouse C127 cells (5) , and the vaccinia virus expression system (22) , have been described; however, to date only low levels of expression have been obtained. Moreover, the proteins were degraded or processed differently from endogenous PrP c .
Here, in an assessment of three different expression systems, we describe the successful synthesis of Syrian golden hamster prion protein PrP c as a fusion with glutathione S-transferase (GST). The GST fusion partner significantly enhances the solubility and stability of PrP c and provides a facile method of immobilizing PrP c on a glutathione-derived matrix. Use of the baculovirus-derived material allowed the synthesis of soluble authentic PrP c by thrombin cleavage of immobilized GST:: PrP c . Thus, the E. coli and baculovirus systems permit production and rapid and effective purification of milligram quantities of GST::PrP c .
MATERIALS AND METHODS
Plasmid constructions. Cloning procedures were performed as described previously (25) unless otherwise stated. The 254-amino-acid (aa) PrP c from the Syrian golden hamster becomes posttranslationally processed to a mature protein lacking a 22-aa signal peptide at the amino terminus and a 23-aa sequence at the carboxy terminus (20) . For that reason we designed the constructions so that the PrP methanol-inducible AOX1 promoter. Correct reading frames for GST::PrP c in the resulting plasmids pHIL-S1-GST::PrP (26) . Cell and virus culture. Cultures of Spodoptera frugiperda (Sf9 and Sf21 cells were used without preference) and infections by recombinant baculoviruses were performed as described previously (14, 17) . Briefly, for recombinant virus preparation, Sf9 and Sf21 cells were maintained in exponential growth as monolayer cultures in TC100 medium supplemented with 10% fetal calf serum medium (14) . Cotransfections employed 2 g of pAcSG2T::PrP c 23-231 with 0.5 g of linearized baculovirus DNA and were performed according to protocols supplied with the purchased virus DNA (Pharmingen, San Diego, Calif.), with the exception that TC100 medium with or without 10% fetal calf serum was used as culture medium throughout. Purified plaques were used to infect Sf9 cultures and screened for the expression of GST::PrP c by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western immunoblotting.
Recombinant virus stocks were amplified by picking plaques and reinfecting adherent Sf9 or Sf21 cells cultured in Sf900 II in the absence of fetal calf serum. After several passages, the recombinant virus stock AcSG2T::PrP c 23-231 reached 10 7 to 10 8 PFU/ml and was stored at 4ЊC in the dark. Infections for the synthesis of recombinant protein were performed with undiluted virus stock distributed over half-confluent cell monolayers every 5 to 10 min for a total of 40 min. Cells were infected with AcSG2T::PrP 4 , 136.9 mM NaCl, 2.6 mM KCl, pH 7.0, at 25ЊC] containing 1% Triton X-100) at a ratio of 1 ml of bead suspension per 10 ml of medium. After being shaken overnight at 4ЊC, the beads were washed three times with 10 column volumes of PBSd (in the absence of Triton X-100) and stored at 4ЊC as a 1:1 slurry in PBSd (in the absence of Triton X-100). Protein stored in this manner remained stable for at least 2 months. genome was determined by a decreased growth of the recombinant strain in the presence of methanol (Mut Ϫ , i.e., methanol utilization-deficient phenotype). Selected His ϩ , Mut Ϫ colonies were grown for 2 days in medium containing glycerol as a sole carbon source. To induce protein expression, cells were pelleted and resuspended in medium containing 0.5% methanol. Cells were grown for 5 days and harvested by centrifugation. Both medium and pellet fractions were subjected to SDS-PAGE and Western blotting.
Expression and purification of GST::PrP c 23-231 in E. coli DH5␣ cells. Saturated overnight cultures of E. coli DH5␣ transformed with pGEX-2T::PrP c 23-231 were diluted 1:10 with Luria-Bertani medium supplemented with 100 g of ampicillin per ml. Induction was performed at an A 600 of 0.8 with 1 mM isopropyl-␤-D-thiogalactopyranoside for 2 h. After centrifugation at 4,000 ϫ g for 10 min at 4ЊC, the pellet was washed in a 1/16 culture volume of STE (10 mM Tris [pH 8.0], 150 mM NaCl, 1 mM EDTA) and resuspended in 1 ml of STE before lysozyme was added at 100 g/ml final concentration. Following incubation for 15 min on ice, dithiothreitol and sarcosyl were added to a final concentration of 5 mM and 2%, respectively. The suspension was divided into 250-l aliquots, dissolved by vortexing, and sonicated twice with 15 pulses each (scale 4) in a Branson sonicator. Cell debris was removed by centrifugation for 15 min at 4ЊC at 45,000 ϫ g. The crude lysate remained stable for several weeks at 4ЊC.
Binding of GST::PrP c expressed in E. coli DH5␣ cells to glutathione-Sepharose 4B. (i) Equilibration of glutathione-Sepharose 4B. Two hundred fifty microliters each of STE preswollen glutathione-Sepharose 4B beads (Pharmacia) was centrifuged at 700 ϫ g for 5 minutes and equilibrated in 2% sarcosyl. After the addition of Triton X-100 to a final concentration of 1, 2, 3, or 4%, the supernatant was removed by centrifugation. Resuspension was repeated, and the supernatant was reduced to a 1:1 bead/buffer slurry, which was stored at 4ЊC.
(ii) Binding of GST::PrP c to the equilibrated beads. Triton X-100 was added to the crude lysates to final concentrations of 1, 2, 3, or 4%. Two hundred microliters each of equilibrated beads was added. After being shaken at 4ЊC overnight, the beads were washed three times with STE buffer (in the absence of sarcosyl and Triton). Loaded beads could be stored as a 1:1 slurry at 4ЊC for several months without any detectable degradation of the fusion protein. , the mixture was shaken for 3 h at room temperature or overnight at 4ЊC. Beads and supernatant were separated by centrifugation, and the supernatant was then analyzed by SDS-PAGE and Western blotting. Thrombin can be inactivated by adjusting the final concentration of phenylmethysulfonyl fluoride to 1 mM, or it can be removed by the use of biotinylated thrombin (AGS, Heidelberg, Germany) which can be adsorbed to streptavidin beads (Novagen).
Proteinase K digestion. Protein samples were incubated for 15 min at 37ЊC in 10 mM Tris-HCl (pH 7.8)-0.5% SDS-1 mM CaCl 2 -10 g of proteinase K (Sigma) per 1 to 10 g of protein.
Reactions were terminated by the addition of SDS sample buffer, and the digestion products were analyzed by SDS-PAGE.
SDS-PAGE. Protein samples were analyzed on 12.5 or 7.5% SDS Phastgels (Pharmacia) run on a Phastsystem. Conditions of electrophoresis were as follows: 7.5% SDS gels were run at 250 V, 10 mA, and 3 W at 15ЊC for 40 V h; 12.5% SDS gels for step 1 were run at 250 V, 1 mA, and 3 W at 15ЊC for 1 V h; 12.5% gels for step 2 were run at 250 V, 10 mA, and 3 W at 15ЊC for 70 V h. Following electrophoresis, gels were either blotted onto nitrocellulose, stained manually with Coomassie brilliant blue, or stained automatically with AgNO 3 in a development unit (Pharmacia) as described previously (11) .
Western blotting. Protein transfer from the Phastgel to nitrocellulose was performed at 70ЊC for 20 min. Antibodies used were (i) a rabbit polyclonal antibody raised against GST from Schistosoma japonicum (AMRAD, Kew, Victoria, Australia, at a dilution of 1:5,000), (ii) a rabbit polyclonal antibody raised against a peptide corresponding to a region encompassing aa 95 to 110 of the golden hamster PrP c protein (10) , and (iii) a mouse monoclonal antibody raised against a peptide corresponding to a region encompassing aa 138 to 152 of the human PrP c protein.
The incubation steps were performed as described previously (33) .
For the characterization of glycosylation patterns within baculovirus-expressed GST::PrP c , we applied the lectins GNA (Galanthus nivalis agglutinin), SNA (Sambucus nigra agglutinin), MAA (Maackia amurensis agglutinin), PNA (peanut agglutinin), and DSA (Datura stramonium agglutinin), recognizing different carbohydrate moieties of glycoproteins in immunoblots. The digoxigenin-coupled lectins as well as anti-digoxigenin AP, NBT, and X-phosphate were purchased from Boehringer Mannheim. The experimental procedure was performed as described by the manufacturer.
Determination of protein concentrations. Protein concentrations were estimated from the absorbance at 280 nm (1 A 280 equals 0.5 mg/ml) or measured with the Bio-Rad protein assay. Fig. 2A, lane 1) and immobilized on glutathione-Sepharose 4B in the presence of different concentrations of Triton X-100 ( Fig. 2A, lanes 2 to 5) , identifying 4% Triton X-100 as optimal for binding. Expression of the GST::PrP c fusion in insect cells such as Sf9 (Fig. 2B, lane 2) and Sf21 (Fig. 2B, lane 5) cells revealed a protein with a slightly different molecular mass of 45 kDa. The media collected from these cells prior to (Fig. 2B,  lanes 1 and 4) or after adsorption to glutathione-Sepharose (Fig. 2B, lanes 3 and 6) only showed a single band of the major baculovirus glycoprotein (gp67). This glycoprotein is secreted from cells as early as 24 h p.i. and is largely virion associated at 3 days p.i. Figure 2C , lane 1, reveals the soluble GST::PrP c protein expressed in the baculovirus system eluted from glutathione-Sepharose 4B by the addition of free reduced glutathione, whereas elution of the protein expressed in E. coli was effective only under high salt conditions (Ͼ1 M NaCl) or in the presence of 20 mM reduced glutathione-DTT, followed by dialysis (data not shown). Figure 2D compares GST::PrP c from E. coli (purified in the presence of 1, 2, 3, and 4% Triton X-100; lanes 1 to 4) and baculovirus-infected Sf9 cells (lane 6). As a control, authentic GST was expressed from pGEX-2T in E. coli (lane 5) and from AcSG2T in infected Sf9 cells (lane 7). The same samples were analyzed subsequently by Western blotting, using a polyclonal antibody directed against a peptide corresponding to a region comprising aa 95 to 110 of the hamster PrP c . Recombinant GST::PrP c expressed in E. coli (Fig. 2E, lanes 1 to 4) and baculovirus-infected Sf9 cells (lane 6) reacted specifically with this antibody. This reaction was specific for the PrP c fusion partner since GST expressed in the same expression systems did not react with the antibody (lanes 5 and 7). In the presence of 3% Triton X-100 ( Fig. 2D and E, lanes 3), the fusion protein occasionally appeared to be degraded more extensively to GST, whereas at other concentrations of Triton X-100 no excessive degradation was observed. A monoclonal antibody directed against a peptide corresponding to a region comprising aa 138 to 152 from the human prion protein did not recognize GST::PrP GST::PrP c was expressed intracellularly (Fig. 3A , lane 1) but was not detectable in the medium (Fig. 3A, lane 2) . Western blot analysis of the same fractions, employing a polyclonal antibody directed against GST from S. japonicum, revealed GST in the medium (Fig. 3B, lane 2) . GST:PrP c was detected only in the pellet fraction (Fig. 3A and B, lanes 1) . With the PrP c -specific antibody two bands for the GST::PrP c fusion protein were detected (Fig. 3A, lane 1) , whereas the GST-specific antibody recognized three bands (Fig. 3B, lane 1) . The pres- Table 1 expression yields of GST::PrP c in E. coli and Sf9-Sf21 cells infected with recombinant baculoviruses are comparable. Yields of the fusion protein synthesized in the P. pastoris system (total unpurified protein) are at least 20-fold less than protein expressed in the E. coli or baculovirus systems (purified homogeneous material).
RESULTS

Expression
Sensitivity to proteinase K. One major characteristic difference between PrP c and PrP Sc is the sensitivity of PrP c to proteinase K digestion while PrP Sc is proteinase K resistant (16) .
To confirm that the E. coli and baculovirus expression systems yielded the GST::PrP c and not the GST::PrP Sc isoform, proteinase K digestions of the various fusion proteins were carried out. Treatment of GST::PrP c from the E. coli and baculovirus systems (Fig. 4A) resulted in complete digestion. To exclude the possibility that a small and otherwise undetectable fraction of the fusion proteins shows proteinase K resistance, we also digested [ 35 S]methionine-labelled GST::PrP c fusion proteins. This more sensitive test also led to a complete digestion of the fusion protein (Fig. 4B ). These data demonstrate that it is solely the proteinase K-sensitive PrP c isoform that is expressed in both the E. coli and baculovirus systems.
Cleavage of GST::PrP c from the baculovirus expression system by human thrombin. GST::PrP c synthesized in the baculovirus system was incubated in the presence and absence of 
